Abstract: Introductions of non-native predators often reduce biodiversity and affect natural predatorprey relationships and may increase the abundance of potential disease vectors (e.g., mosquitoes) indirectly through competition or predation cascades. The Santa Monica Mountains (California, U.S.A.)
ninfas de libélula y larvas de mosquito muestreadas en 13 riachuelos locales. Predijimos una eficiencia de depredación más baja de los cangrejos de río en comparación con las ninfas de libélula y una eficiencia de depredación reducida de las ninfas de libélula en presencia de los cangrejos de río. Las ninfas de libélula fueron depredadores un orden de magnitud más eficientes que los cangrejos de río, y la eficiencia de depredación de las ninfas de libélula estuvo reducida en la presencia de cangrejos de río. Los datos de conteo de campo mostraron que las poblaciones de ninfas de libélula y de larvas de mosquito tuvieron una fuerte correlación

Introduction
The introduction of non-native predators is a clear and well-documented driver of biodiversity loss (e.g., Butchart et al. 2010; Blaustein et al. 2011; Cardinale et al. 2012) as predation and competition for resources by nonnative predators directly diminish community complexity (McGeoch et al. 2010) . Non-native species also have the potential to alter trophic cascades and change ecosystem structure and functioning through indirect effects (Nilsson et al. 2012; Twardochleb et al. 2013; Kreps et al. 2016) . In many cases, non-native predators threaten regional conservation value by altering ecosystem services (Turner & Daily 2008; Walsh et al. 2016) . For example, zoonotic diseases may increase when larger predators that typically regulate vector species are reduced by the introduction of non-native predators (Packer et al. 2003; Ostfeld & Holt 2004) . Biodiversity loss due to non-native predators has been widely explored and the potential for downstream effects to ecosystem services is a significant conservation concern (Lodge et al. 2012) . The red swamp crayfish (Procambarus clarkii) is a globally introduced species that is linked to significant losses of biodiversity (Lodge et al. 2000; Cruz et al. 2006; Gheradi & Acquistapace 2007) , including severe and rapid reductions in the diversity of benthic macroinvertebrate communities (Rodríguez et al. 2003) . Crayfish often exert strong predation pressure on ecosystems (Gamradt et al. 1997; Kats & Ferrer 2003; Souty-Grosset et al. 2016 ) and negatively impact natural predatorprey relationships by removing top predators and imperfectly filling vacant ecological niches and functional roles (Leibold 1996; Pace et al. 1999; Estes et al. 2011) . Furthermore, indirect and nonlethal effects of crayfish may alter ecosystem dynamics in less obvious but still ecologically significant ways. The reduced feeding behavior of sympatric predators and prey is 1 well-studied example (Preisser et al. 2007; Peckarsky et al. 2008) . A considerable research effort clearly demonstrates the numerous negative outcomes non-native crayfish can have across entire food webs (e.g., Shin-Ichiro et al. 2009; Ficetola et al. 2012; Twardochleb et al. 2013 ), but the mechanisms by which non-native crayfish may increase the abundance of potential disease vectors remains an open question.
The Santa Monica Mountains (Los Angeles and Ventura Counties, California, U.S.A.) lie within a global biodiversity hotspot (Cincotta et al. 2000; Myers et al. 2000) that has had significant reductions of local biodiversity, particularly native aquatic predators (Fisher & Shaffer 1996; Gamradt & Kats 1996) . Odonates, such as dragonfly nymphs (suborder Anisoptera), are important predators in these streams that feed extensively on aquatic invertebrates (Benke 1978; Wallace & Webster 1996; Kumar & Hwang 2006) . Streams throughout the area have (counties: 1, Santa Barbara; 2, Ventura; 3, Los Angeles; 4, San Bernardino; 5, Orange; 6, Riverside; and 7, San Diego) and the 13 streams we surveyed throughout the Santa Monica Mountains National Recreation Area in the greater Los Angeles Area (left panel) (streams: A, Arroyo; B, Trancas; C,D, upper and lower Lindero; E,F, upper and lower Medea; G,H, upper and middle Las Virgenes; I, Cold Creek; J, Tapia; K, Solstice; L, Malibu; and M, Tuna) . undergone rapid habitat changes over the last several decades as a result of land modification, pollution, and a severe drought (Loarie et al. 2008; Ball et al. 2013; Cooper et al. 2013 ) that has resulted in a significantly altered hydroperiod . Streams historically tended to dry in late spring but urbanized streams are often wet most of the year. Field observations and previous studies suggest that mosquito populations increase in streams with low flow or standing pools (Boulton & Lake 2008) , both of which now characterize many streams in the Santa Monica Mountains .
Given that local native predator populations have been greatly reduced by non-native predators (Goodsell & Kats 1999; Riley et al. 2005) , these streams may now be prime breeding habitat for mosquito species that are known disease vectors (CDC 2017) . At least 16 mosquito species from the genera Aedes, Anopheles, Culex, Culiseta, and Ochlerotatus are found throughout the greater Los Angeles area and much of urbanized Southern California (GLACVCD 2018) . Of these, Aedes, Anopheles, and Culex are potential vectors of human disease. Culiseta is not known to carry any diseases in California at this time and Ochlerotatus carries canine heartworm (GLACVCD 2018) . Aedes species are potential vectors for dengue fever, West Nile virus (WNV), yellow fever, and encephalitis viruses, and 2 species (Aedes albopictus and Aedes aegypti) linked to human disease occur throughout Southern California in Los Angeles, San Bernardino, Orange, and San Diego Counties (Fig. 1) . Currently, there is 1 Anopheles species (Anopheles hermsi) in Southern California that is a known malaria vector, and this species is 1 of 8 Anopheles species that are known carriers of WNV (CDC 2017) . Culex mosquito species are recognized as the primary disease vector of WNV. One Culex species is a vector of both WNV and encephalitis viruses (Culex quinquefasciatus), and it is predicted the species will expand its distribution throughout the southwestern United States under climate change (Samy et al. 2016) . Aside from potential disease risks, mosquitoes are generally a nuisance and require entire agencies to manage public health risks. Thus, numerous mosquito species throughout the greater Los Angeles area pose a
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In this study we evaluate the behavioral influence nonnative crayfish may have on dragonfly larvae and whether crayfish presence diminishes the efficiency of dragonfly larvae to consume mosquito larvae. Our field observations suggest dragonflies, which are generalist feeders that ambush prey (Folsom & Collins 1984) , are more adept and efficient predators of mosquito larvae compared with benthic feeding, omnivorous crayfish (Angeler et al. 2001) . However, crayfish are also known to be flexible predators that are capable of altering their feeding behavior based on the availability of prey (Correia 2002) . Given that both crayfish and dragonflies are opportunistic feeders, determining the differences between their abilities as predators of mosquito larvae is an important first step for understanding overall differential effects of native and non-native predators in freshwater streams and the potential capacity of each predator to regulate populations of potential disease vectors.
We tested 2 hypotheses pertaining to the effects crayfish may have on native aquatic predators. First, we hypothesized that non-native crayfish predators (P. clarkii) prey less on mosquito larvae (Anopheles sp.) relative to native odonate predators (suborder Anisoptera). The relative size and agility of the predators led us to hypothesize that dragonfly nymphs have higher predation efficiency. Second, we hypothesized that crayfish negatively affect the ability of dragonfly nymphs to prey on mosquito larvae when they co-occur. To test these questions, we assessed crayfish and dragonfly nymph predation of mosquito larvae alone and in combination under artificial laboratory conditions. We also conducted field surveys in natural streams in our study region and collected macroinvertebrate samples from streams historically with or without crayfish to determine absolute numbers of Anopheles sp. larvae and dragonfly nymphs. These data were used to assess whether mosquito and dragonfly nymph population numbers significantly differed between monthly samples from streams that do or do not have crayfish.
Methods
Study Site
We sampled 13 streams in the Santa Monica Mountains (Fig. 1) . Eight of the streams have had crayfish populations since the 1960s with recent mean densities of crayfish exceeding 1.65 individuals per m 2 (Malibu, middle Las Virgenes, lower and upper Lindero, lower and upper Medea, Tapia, and Trancas). The 5 other streams either have no record of crayfish presence (Arroyo, Cold Creek, Solstice, Tuna) or crayfish were completely removed during restoration efforts in 2015 (upper Las Virgenes). Streams were sampled monthly from March to October 2016 during the nonpeak flow period.
Animal Collection and Care
Dragonfly nymphs were collected by hand from Cold Creek Preserve (-118.647 W, 34 .0923 N), placed individually in containers, and transported to the laboratory, and maintained on a diet of 3 mosquito larvae every other day. Procambarus clarkii were collected from Malibu Creek in the Malibu Creek State Park (-118.704 W, 34.081N), housed individually, and fed 5-10 g of crushed meal every other day (Milk-bone, Big Heart Pet Brands, San Francisco, California, U.S.A.). Mosquito larvae used in laboratory experiments were collected by leaving out acrylic bins filled with well water at a local ecological research station (Stunt Ranch Santa Monica Mountains Reserve, -118.704 W, 34.081 N) and gathered from a single stagnant pool in Cold Creek Preserve. All species were maintained in a walk-in cooler at local stream temperature (ß15°C).
Macroinvertebrate Stream Sampling
Our procedure to survey, collect, and identify invertebrates from streams follows the standardized sampling methods outlined in Ode (2007) . Briefly, this method (referred to as reach-wide-benthos method) relies on a 150-m sampling reach that was sampled each month. Each reach was divided into 11 equidistant points (each 15 m apart) with 1 sample collected at each point. The sampling alternated and repeated at 25%, 50%, and 75% positions from the left bank of the stream and occurred in different and adjacent areas of our 13 study streams each month. Sampling was performed by extending a D-net to the stream bed, establishing a 0.09 m 2 area immediately upstream of the net frame, and disturbing the area for 30 s, after which the net was removed from the water with a quick upstream motion. The 11 samples from within each 150-m sampling reach were then combined to create a stream sample for the month. Because the method is designed to sample any wadeable stream and is often utilized in low gradient streams, no specific habitat type (riffle, run, or pool) was targeted. As a result, the sampling within a 150-m reach occurred in a variety of habitats.
Odonates were identified to the level of suborder (Anisoptera) and counted for our analyses. All mosquito larvae collected, identified, and enumerated were members of the genus Anopheles.
Experimental Methods
We tested the survival of mosquito larvae in the presence of a single crayfish alone (crayfish treatment), a single dragonfly nymph alone (dragonfly treatment), with both species together (combination treatment), and
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Bioassay round 1 included the control (n = 9), crayfish treatment (n = 9), and dragonfly treatment (n = 9) and tested predation efficiency of each species. We then conducted a second round of experiments that included the control (n = 8), crayfish treatment (n = 8), and the combination treatment (n = 8) to test the effect of the 2 species together. In this second round, a separate dragonfly treatment was not included given permit limitations to remove dragonfly larvae. Data from both rounds of bioassays were combined for analytical purposes (crayfish: n = 17; dragonfly: n = 9; combination: n = 8; and control n = 17).
Acrylic tanks (33 × 20.3 × 12.7 cm) devoid of any structural habitat were filled with 1.5 L of carbon-filtered water. All specimens fasted for 24 h prior to the start of the experiment. Mosquito larvae were transferred to experimental tanks 3 h prior to the beginning of all experiments. Crayfish and dragonfly nymphs were randomly selected, measured, weighed, and assigned to experimental tanks. Surviving mosquito larvae in each container were counted hourly for the first 7 h beginning at 12:30, then at 3-h intervals for 15 h, and then twice daily at 07:00 and 12:00. For the combination treatment, we also recorded the behavior of dragonfly nymphs and if preyed upon, the time at which predation occurred. For the behavioral data, we noted whether dragonflies were in physical contact with crayfish each time we counted the number of surviving mosquito larvae and from these data derived a percent value for dragonfly-crayfish contact.
Statistical Analyses
To determine the effects of predators on mosquito larvae survival over time, we built a generalized linear model (GLM) with Poisson-distributed errors in R v. 3.4.1 (R Core Team 2013) . The model was structured to treat the surviving number of mosquito larvae as the response variable (survival) with treatment coded as a factor and time as a continuous predictor. We also incorporated an interaction term between the predictors to test for potential differences in predator efficiency through time between treatments. To verify that our data actually fit the assumptions of the Poisson distribution in our model, we implemented a chi-square test with the R function pchisq that evaluated the model residual deviance and degrees of freedom. Initially, the model was coded with the control group as the reference category to compare survival in each treatment with survival with no predators. We then recoded the reference category to make the following comparisons of survival between treatments: dragonfly:crayfish, dragonfly:combination, and crayfish: combination.
Next, we compared the proportion of surviving larvae in each treatment at the end of the experiment using a linear model in R and the function TukeyHSD to perform a Tukey type contrast (Jaeger 2008) . This approach was chosen to first test for overall differences in proportions of surviving larvae between treatments and, if significant, evaluate pairwise differences.
To analyze the invertebrate field data, we used a series of Fisher's exact tests to determine if there was a relationship between the number of dragonfly nymphs and mosquito larvae collected each month in streams with or without crayfish (i.e., crayfish presence). We chose this approach to simultaneously assess the relationship between counts of dragonflies and mosquito larvae and crayfish presence because crayfish streams always had crayfish and streams without crayfish never had crayfish during our study. As such, crayfish as a factor only varies between streams and does not vary within streams. Given these parameters, we tested the effect of crayfish presence or absence, rather than any effects of crayfish abundance within or among crayfish streams. To perform these analyses, we summed the number of mosquitoes and the number of dragonflies from streams with and without crayfish for each month of sampling (March through August, excluding September and October because neither mosquitoes nor dragonflies were collected in either of these monthly samples) and tested each monthly data set separately. We used this approach instead of a cumulative count over sampling months to evaluate potential temporal patterns of predation. For example, irrespective of crayfish presence or absence the initial counts of mosquito larvae across sites may be high and dragonfly nymph counts low, but mosquito counts may decline as dragonfly nymphs populate sites and feed.
Results
Field Distribution of Dragonfly Nymphs and Mosquito Larvae in Presence of Crayfish
We detected a significant relationship between crayfish presence and counts of dragonflies and mosquito larvae during March, April, June, and July (2-tailed tests, p < 0.001), but not in May or August. In May, we collected 1 mosquito larva and 22 dragonfly nymphs from crayfish sites, whereas no mosquito larvae and 30 dragonfly nymphs were collected from sites without crayfish (p = 0.43). In August, no mosquito larvae were collected from any site, but 42 dragonfly nymphs were collected from sites without crayfish (p = 1.00). Cumulatively, for all months of sampling in streams without crayfish, we collected zero mosquito larvae and 285 dragonfly nymphs. In streams with crayfish, we collected 67 mosquito larvae and 46 dragonfly nymphs (Table 1) . 
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. (a) Number of surviving mosquito larvae in the presence of dragonfly nymphs and crayfish together (CF+DF) and of crayfish (CF) and dragonfly nymphs (DF) alone (arrow, time at which all dragonflies were consumed by crayfish) and (b) average proportion of surviving mosquito larvae after 72 h under the conditions described in (a) (letters over bars indicate which treatments are significantly different from one another).
Survival
The GLM with Poisson-distributed errors fit our data (χ 2 test, p > 0.05) and the results showed that the interaction for all predator treatments (crayfish, dragonfly, and combination) significantly affected survival relative to larval survival in the absence of predators (control) ( Table 2) . Survival was reduced most in the presence of nymphs (dragonfly) relative to the crayfish and combination treatments (dragonfly ß = -0.003, crayfish and combination ß = -0.0001), such that dragonfly nymphs on average consumed 70% of all mosquito larvae within the first 60 min. In crayfish and combination treatments, predators on average consumed 12% and 7% of all mosquito larvae in the same period (Fig. 2a) . All coefficients were negative, indicating that predators consumed larvae throughout the experiment.
When we recoded the model to treat the dragonfly treatment as the reference group, we found that survival differed significantly in both the crayfish and combination treatment relative to dragonfly treatment (dragonfly:crayfish; dragonfly:combination). Coefficients from this model were positive, indicating that dragonfly nymphs consumed more larvae through time than crayfish alone or when crayfish and dragonfly nymphs
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The results of the comparison of mean proportion of surviving mosquito larvae indicated significant differences between all treatments and the control (F = 60.85, df = 47, p < 0.001), as well as a significant difference between the dragonfly treatment relative to the combination (p < 0.001) and crayfish (p < 0.001) treatments (Fig. 2b) . No significant difference in the proportion of surviving larvae was detected between the combination and crayfish treatments (p = 0.94).
Our assessment of dragonfly behavioral trends in the combination treatment showed that dragonflies were in physical contact with crayfish on average 64.3% (SE = 11.1) of the times we made observations. In almost all of these instances, dragonflies were inactive and perched either on the carapace or chelae of crayfish. All other times dragonflies were observed in a corner and inactive. When we evaluated survival of dragonflies, all dragonflies were consumed within 36 h (1 at 10 h; 2 at 21 h; 2 at 24 h; and 3 at 36 h).
Discussion
Overall, our laboratory experiments showed that isolated dragonfly nymphs are much more efficient predators of mosquito larvae than crayfish (Figs. 2a & 2b) . Mosquito larval survival was reduced by nymphs 20 times more than by crayfish for every unit of time (Table 2) . However, this effect disappeared when crayfish and odonates foraged together, suggesting a strong dampening of predatory efficiency by crayfish on native dragonfly nymphs. We cannot definitively rule out that pretrial feeding differences between crayfish (crushed meal) and dragonflies (mosquito larvae) may have predisposed nymphs to favor mosquito larvae in our trials. However, this seems unlikely given that dragonflies were not enhanced predators in the combined treatment and because mosquito larvae are typical prey for dragonflies. (They are considered a viable option for the biological control of mosquito larvae [Saha et al. 2012] .)
Non-native crayfish negatively affect odonates across all aquatic life stages (Siesa et al. 2014 ) and our laboratory results suggest that these impacts may also have indirect consequences to dragonfly behavior that in turn leads to increases of mosquitoes.
We also observed that the presence of crayfish in our study streams corresponded to overall decreased numbers of native dragonfly larvae and increased numbers of mosquito larvae compared with streams without crayfish (Table 1) . Although physical and hydrological differences do exist between some of our study sites , other studies have shown that non-native crayfish can dramatically alter biological communities (McCarthy et al. 2006 ) and we believe the strongest interpretation of our data is that crayfish are the primary drivers of differences in mosquito abundances. In our benthic macroinvertebrate samples, sites without crayfish cumulatively had more than 6 times the number of odonates and no mosquito larvae relative to sites with crayfish (Table 1 , under cumulative). By month, the relationship between mosquito larvae and dragonfly nymphs in streams with and without crayfish was significant for all months except May and August (May: p = 0.43; August: p = 1.00). The August results reflect the lack of mosquito breeding in all streams, consistent with their general biology showing a peak of Anopheles breeding in June and July (CDPH 2018). However, a large difference in dragonfly nymph abundance still remained in August, suggesting that crayfish were still negatively impacting dragonflies. The results in May could reflect the seasonal timing of mosquito and odonate breeding and require additional surveys across rainfall years for a fuller explanation. However, for all monthly comparisons, the trend of fewer mosquito larvae and more dragonfly nymphs in crayfishfree streams suggests that crayfish-dragonfly interactions are a strong, consistent explanation for mosquito abundances within streams.
Previous research has shown that prey will modify their behavior, alter habitat use, and relocate to more complex microhabitats in the presence of non-native predators (Shelton et al. 2008; Nunes et al. 2013 ). In our laboratory experiments, dragonflies in the presence of crayfish exhibited limited movement and were observed in corners for extended periods. Without shelter in our experimental tanks, dragonflies could not hide from crayfish and, as a result, predation may be greater than what might occur under natural conditions. However, given the limited number of dragonfly nymphs found in crayfish streams relative to streams without crayfish (46 vs. 285; nearly 50% of all dragonflies in crayfish streams were found in May [ Table 1 ]), the direct effects observed in our laboratory experiments are likely ecologically realistic.
Ultimately, considering the ways in which dragonflies behaviorally responded to crayfish, under stream conditions where they co-occur, crayfish very likely relegate native dragonflies to inferior foraging habitats and in so doing limit their efficacy as predators of mosquito larvae. Like many other stream species in this system, dragonfly nymphs did not demonstrate adaptive behaviors in their response to crayfish that favors long-term survival. Although dragonflies were observed motionless in corners (i.e., hiding), they were also observed resting on crayfish for ß60% of our observation periods with little indication
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Volume 33, No. 1, 2019 of escape behavior. Under long-term natural conditions, these behaviors are likely not adaptive given how few dragonflies we found in streams with crayfish (Supporting Information). Thus, with the recent introduction of non-native crayfish in this system (ß60 years ago), naiveté of dragonfly nymphs may offer an unfortunate advantage to predatory crayfish (Sih et al. 2010) . In other systems, native mayflies (ephemeroptera) will alter diurnal foraging behavior in the presence of introduced fish (McIntosh & Townsend 1994) and amphibian larvae alter behavior in response to introduced species (Kiesecker & Blaustein 1997) . In these cases, and apparently in our stream system, non-native species can shift the trophic niche of a predator (Bourke et al. 1999 ) and as a result, foraging by predatory macroinvertebrates is disrupted in the presence of crayfish. In effect, crayfish exhibit a negative impact on ecosystem services by reducing the efficacy of dragonfly nymphs as predators of mosquitoes while failing to replace dragonfly nymphs' positive effects as a biocontrol agent.
The conservation of freshwater systems is essential to maintaining inherent ecosystem services. Although we only detected Anopheles species in our field sampling, the species serves as a proxy for other mosquito taxa. Locally, introduced mosquito species that are known disease vectors have begun to populate California. More broadly, P. clarkii is a globally invasive species, distributed throughout areas of the world where Culex species are already significant disease vectors or areas where Culex species are projected to increase their distribution (Samy et al. 2016) . Under a rapidly changing climate in Southern California, with hotter and drier conditions, non-native species are projected to exert greater competitive and predatory effects on native species that lead to population increases of potential disease vectors and their virulence (Rahel & Olden 2008) . The regulation of diseases is a major component of the estimated $85 billion that ecosystem services provide throughout the greater Los Angeles area (Elmqvist et al. 2015) . We suggest that crayfish removal will rapidly improve compromised freshwater habitat, which will in turn naturally regulate an increasing number of potential disease vectors. Further research should evaluate widespread mosquito larvae populations in the presence or absence of crayfish and other non-native species, for which eDNA may be an efficient means of targeting specific taxa (Schneider et al. 2016) . The larger effect of globally introduced crayfish may be a negative impact on ecosystem services, not only by means of habitat degradation and reduced biodiversity but also by indirectly altering trophic systems via modified behavioral predator-prey interactions (Preisser et al. 2005) and increasing the prevalence of human diseases. By considering such effects, land managers and researchers can identify and implement a targeted approach to conservation that prioritizes the protection of aquatic habitat depending on the level of concern and available resources.
